INTRODUCTION
The aim of this study is to investigate a behaviour of a flow inside a labyrinth seal and evaluate its characteristics such as a mass flow rate and a power loss. The labyrinth seal is a type of a noncontact seal where a leakage of a fluid is prevented by a rather complicated path, which the fluid has to overcome. In the presented case, we study a seal attached to a rotating turbine shaft, which is a part of an experimental device. The sealed medium is an air and the labyrinth seal is made by a set of twenty teeth situated on the rotating shaft against a smooth static surface. Centrifugal forces present due to the rotation of the shaft create vortices in each chamber and thus dissipate the axial velocity of the escaping air.
NUMERICAL MODEL
The flow of the air through the seal is described by a system of the RANS equations combined with a k -ω turbulence model [1, 5] . The form of the equations for a mean value variables is the following:
We use a standard notation here, the stress tensor T is defined by
where D, a strain rate tensor, is given by D = 1/2 ∇v + ∇v T . Taking into consideration the geometry of our problem, it is really natural to use cylindrical coordinates, which simplify the description of the problem. The Cartesian coordinates (x, y, z) are then transformed to a new coordinate system (h, r, ϕ),
The inverse coordinate transformation can be, of course, expressed as
A transformation of a vector will be of the form (u, v, w) = (u r , v r cos ϕ − w r sin ϕ, v r sin ϕ + w r cos ϕ).
It is possible to show that the gradient expressed in cylindrical coordinates is of the form
and that the divergence of a vector in the new system is
The flow inside the seal can be assumed axisymmetric so the derivatives in the ϕ direction can be neglected. Thus the third space variable is eliminated from the system and we can solve our problem in a two-dimensional plane section along the axis. In the following text, we will deal only with cylindrical coordinates. The notations x i and v i denote components of a space and a velocity vector, now with respect to the new coordinates. After some rearrangements, the equations (1) - (3) can be written in the form of
The k -ω turbulence model is of the form
EPJ Web of Conferences
The above mentioned system of partial differential equations is solved by an implicit finite volume method on a structured grid. As a boundary condition for an inlet part of the boundary, we prescribe a total temperature and a total pressure. On the outlet part of the boundary, a static pressure is prescribed. To obtain proper values of state variables on a boundary edge, located on the inlet or outlet boundary, a modified 1d Riemann problem is solved. The formulation of this representation of boundary conditions can be found in [2] .
RESULTS
The numerical method is validated on a smooth cylinder rotating around its axis and the computed moment is compared with values obtained by Theodorsen [4] . Even though the flow is not exactly axisymmetric due to the presence of instabilities in a boundary layer, the model is sufficiently precise for our purpose. Moreover, in cases with a pressure gradient present, these effects are diminished and thus do not spoil the results.
VALIDATION ON A SMOOTH CYLINDER
The problem of a drag of a revolving cylinder was extensively studied in the past and many experimental results can be found in the literature. The drag coefficient for a revolving cylinder, which is equal to a moment coefficient, is given by
where M is a moment acting on the cylinder, q is a dynamic pressure (defined by q = 1/2 ρω 2 r 2 ), S is a surface of the cylinder and r is a radius. The symbol ω will denote an angular velocity. The theoretical drag coefficient for a turbulent flow can be expressed as a function of the Reynolds number
The Figure 1 shows a theoretical prediction and evaluated values for two cylinders, differing in a diameter r and a length l. The comparison with measurements presented in [4] shows a quite good agreement. 
SHAFT SEAL
The rotating turbine shaft is sealed by a labyrinth seal, which is made of twenty teeth. The plane section is depicted in the Figure 2 . The total length of the seal is 117 mm and the smallest gap is 0.5 mm. The air is entering the seal through a narrow gap from the left and leaving it on the right side. Due to a large opening of the seal, there is a recirculation across the outlet boundary. As an inlet boundary condition, a total temperature T 0 = 20°C and a total pressure p 0 in the range of 40 -130 kPa are prescribed. The results were computed for different back pressure ratios p 0 /p 1 in the range of 1.1 -4.0 and for design regimes between 1000 -15000 revolutions per minute. The graphs in the Figure 4 show a dependence between a moment acting on the shaft due to the flowing air and a back pressure ratio p 0 /p 1 . It is seen that increasing the back pressure ratio or increasing revolutions leads to a higher moment. Concerning the leakage of the air through the seal, increasing the back pressure ratio causes a higher mass flow rate. But increasing the angular speed decreases the leakage ( Figure 5 ). When the back pressure ratio is high enough, the flow is chocked and the mass flow rate remains further constant. The last Figure 6 shows a relation between revolutions of the shaft and a mass flow rate and power losses. 
DISCUSSION
The mentioned method was used to solve a flow inside a labyrinth seal. The real problem was simplified to an axisymmetric problem, which is very close to the reality. The results are in accordance with the expectations. The advantage of the method is its speed and reasonable computer requirements. Nevertheless, it will be worth comparing obtained results with a full 3d model in the future. Another problem may be a propagation of a heat, especially in the case of a higher angular frequency. The air is heated by the moving wall and the temperature of the seal is rising. This problem requires a better treatment of boundary conditions on walls, including heat transfer to the surroundings. But in the assumed extent of regimes, this problem is not so noticeable.
